ABSTRACT A low profile omnidirectional patch antenna with filtering response is investigated in this paper. The triangular patch antenna is axially fed by a probe at its center, exciting both its TM 10 and TM 11 modes. Comparing with the traditional circular patch, the triangular patch can not only minimize the patch size but also can generate a radiation null at the upper band edge. A ring slot and a series of shorting vias are introduced into the patch to merge the two modes, enhancing the bandwidth of the passband. The combination of the two elements simultaneously generates a radiation null at the lower band edge. Consequently, a compact filtering patch antenna with quasi-elliptic bandpass response is obtained without involving specific filtering circuits. The prototype with profile of 0.03 λ 0 has a 10-dB impedance bandwidth of 8.9% (4.3-4.7 GHz), an average gain of 6.0 dBi within passband, an out-of-band suppression level of more than 30 dB within lower stopband (0-3.6 GHz), and more than 20 dB within upper stopband (5.1-6.3 GHz).
I. INTRODUCTION
Due to large signal coverage, omnidirectional antenna that having uniform radiation patterns in the horizontal plane is generally desirable for mobile communications [1] , [2] . On the other hand, the integration of bandpass filter and antenna has received increasing attentions due to its advantages of compact size and low insertion loss [3] - [8] . As a result, various omnidirectional filtering antennas with filter-like frequency response for both reflection coefficient and realized gain were developed in recent years [3] - [5] . For example, a filtering planar monopole antenna evolved directly from a loop-based filter was investigated in [3] , and another planar filtering antenna consisting of steppedimpedance dipole, stepped-impedance resonator, and lowpass filter was presented in [4] . Also, a filtering slot antenna was obtained by using an open/short-ended interdigital E-shape resonator in its feeding line [5] . In these designs, filter synthesis approach was applied and the antenna was taken as the last order resonator of the filter to realize the integration. Consequently, the insertion loss of multi-order filter is inevitable, degrading the radiation efficiency of antenna.
Very recently, a novel antenna fusion design concept was proposed to develop filtering unidirectional antennas with broadside radiation patterns, such as dipole antenna [6] , stacked patch antenna [7] and metasurface antenna [8] . In these cases, the filtering function is realized by introducing simple parasitic elements or resonators into the radiator or feeding circuit. No specific filters were involved, the designs therefore become more compact. Also, due to the elimination of the insertion loss of filter, the antenna performances were little affected.
In this letter, the antenna fusion design concept is first extended to design a low-profile omnidirectional filtering patch antenna, which consists of an equilateral triangular patch, a series of shorting vias and a circular ring slot. The equilateral triangular patch provides a radiation null near the upper band-edge, whereas the ring slot together with vias produces a radiation null close to the lower bandedge. As a result, quasi-elliptic bandpass response for the realized gain is achieved without involving complex filtering circuits. For validation, a prototype of the proposed antenna was designed, fabricated and tested, with reasonable agreement between the simulated and measured results obtained.
II. ANTENNA DESIGN
A. ANTENNA CONFIGURATION Figure 1 shows configuration of the proposed filtering antenna, which is composed of an equilateral triangular patch, a series of shorting vias and a circular ring slot. The triangular patch has a radius of L, and it is axially fed by a coaxial probe at the center, providing omnidirectional radiation patterns. It will be shown in next subsection that the use of triangular patch instead of circular one can not only reduce the size of patch, but also can generate a radiation null at the upper bandedge which is essential for the filtering function. Two sets of vias are introduced to short the patch to ground plane. One set that consisting of 3 × 4 elements is placed near the three angles of the equilateral triangular patch, and the other set that consisting of 3 × 2 elements is placed near the center of the three sides of the patch. Each via element has the same radius, given by R 1 = R 2 = 0.9 mm. The introduction of shorting vias can shift and merge resonance frequencies of the fundamental TM 10 mode and the higher order TM 11 mode [9] , providing a wider bandwidth. A circular ring slot which has an inner radius of R a and an outer radius of R b is etched on the patch for good matching. The capacitive slot is also combined with the inductive vias to provide a radiation null at the lower band-edge. As a result, filtering response is realized in the antenna without using extra filter. The entire filtering patch antenna is fabricated on a single substrate with a relative permittivity of ε r = 2.65 and a thickness of h = 2 mm.
It is worth mentioning that although the vias and/or slots have been used in omnidirectional patch antennas for enhancing impedance bandwidth [1] , [2] , but their effects on the filtering response has not been investigated yet.
B. ANTENNA MECHANISM
To investigate the antenna mechanism, a comparison between the triangular patch and traditional circular patch is carried out first. Fig. 2 shows simulated reflection coefficients and realized gains for the two antennas, which have same patch areas with R t = 33.7 mm, R c = 21.7 mm. With reference to Fig. 2(a) , two resonant modes can be found at 3.6 and 6.2 GHz for the triangular patch, and the resonance frequency of its fundamental mode is much lower than that (5.1 GHz) of the circular patch, which indicates that the size of the former will be much smaller than that of the latter under the same operating frequency. Moreover, it can be seen that the |S 11 | of triangular patch antenna turns to ∼0 dB quickly at 4.7 GHz, leading to an upper stopband. Also, a radiation null (radiation minimum) is generated at 4.9 GHz, as shown in Fig. 2 (b) . Therefore, the triangular patch is used for the proposed filtering antenna.
Next, the effects of slot and shorting vias are investigated by comparing the triangular patch antenna (Antenna I, Fig. 3(a) ) with other two reference antennas, which are patch antenna having only slot (Antenna II, Fig. 3(b) ) and that having both slot and vias (Antenna III, Fig. 3(c) ). The detailed dimensions of the antennas are listed in Table 1 . Figure 4 shows corresponding reflection coefficients and realized gains. With reference to the red dash line, the introduction of slot in Antenna II does not affect the resonance frequencies of both TM 10 mode and TM 11 mode, but improves significantly the impedance matching for both bands due to its loading effect. When two sets of shorting vias are introduced to the three triangular midlines of the patch in Antenna III (As shown in Fig. 3(c) , the vias marked in yellow are evenly distributed on the larger circle with radius of d 6 , whereas those marked in blue are evenly distributed on the smaller circle with radius of d 7 ), the fundamental TM 10 mode shifts upward whereas the higher order TM 11 mode shifts downward significantly [2] , and the two modes merge with each other, resulting a 10-dB impedance bandwidth of 7.2%. With reference to Fig. 4 (b) , a new radiation null is generated at 3.5 GHz. This is because the vias are inductive whereas the slot is capacitive, the combination of the two elements leads to an LC resonance. Consequently, a quasielliptic bandpass response for the realized gain is achieved without involving complex filtering circuits. Nevertheless, for obtaining both good matching and filtering performances, the radii of shoring vias should be as large as R 3 = 3 mm, R 4 = 1.9 mm, which is not convenient for precise fabrication. To tackle the problem, two smaller vias with radius of 0.9 mm are used to replace the larger (blue) vias on the side of the patch, whereas four ones are used to replace the (yellow) vias at the corner. The corresponding configuration and results are also shown in Fig. 3 (d) and Fig. 4 for comparison. It can be observed that very similar results with antenna III are obtained. Therefore, antenna IV is used for final fabrication and test.
A parametric study of the triangular patch, ring slot, and shorting vias is carried out to further characterize the two radiation nulls which are crucial for realizing the filtering response. Figure 5 shows simulated realized gain as a function of frequency for different patch radii (Fig. 5(a) ), slot outer radii (Fig. 5(b) ), and shorting vias positions ( Figure 5(c) ). It can be observed from Fig. 5(a) that the realized gain response remains nearly unchanged in lower stopband with the increasing of L, but the radiation null (minimum) at upper band-edge moves from 5.5 GHz to 5.0 GHz, showing again it is caused by the triangular patch itself. With reference to Fig. 5(b) , the changing of R b from 4.8 mm to 6.0 mm does not affect the response in upper band, but the lower radiation null shifts from 3.4 GHz to 3.8 GHz, verifying that it is related with the slot. The shorting via has similar effect on the realized gain, mainly affecting the frequency of lower radiation null, as shown in Fig. 5(c) . The two nulls can therefore be controlled independently within a certain range, which is desirable for the design of a filtering antenna.
III. SIMULATED AND MEASURED RESULTS
To demonstrate the idea, a prototype of the proposed filtering antenna was fabricated and tested, with detailed dimensions listed in Table 1 . Figure 6 shows two photographs of the prototype. In this paper, the measurement of reflection coefficient, realized gain and radiation pattern were carried out by using an Agilent N5230A network analyzer and a Satimo Starlab System, respectively. Figure 7 shows measured and simulated reflection coefficients of the prototype. Reasonable agreement between the simulation and measurement can be obtained except for a small frequency shift, which is mainly caused by the fabrication errors and experimental imperfections. The antenna has a measured 10-dB impedance bandwidth (|S 11 | < −10 dB) of 8.9%, ranging from 4.3 GHz to 4.7 GHz. Stopbands with |S 11 | close to 0 dB can be found on both the left and right sides of the passband, showing good selectivity and bandpass filtering response. A flat gain of 6.0 dBi is measured across the passband, very similar to the simulated result. With reference to the figure, two radiation nulls at 3.6 GHz and 5.1 GHz can be observed near the passband edges, leading to a high rolloff rate, especially at the left side. Accordingly, a suppression level of more than 30 dB is obtained in the lower stopband and more than 20 dB in the upper stopband, respectively. Figure 9 shows measured and simulated radiation patterns in the elevation (φ = 0 • ) and azimuth (θ = 30 • ) planes at 4.4 GHz. As can be seen from the figure, the elevation pattern has a null in the boresight direction (θ = 0 • ), with the strongest radiation found in θ = 30 • . However, quite uniform radiation is obtained in the azimuthal plane, giving an omnidirectional pattern. Although the triangular patch is not perfectly symmetrical, the ripple, which is the difference between the maximum and minimum gains, is as small as 0.3 dB. In the entire azimuth plane, the co-polarized field is stronger than the cross-polarized field by ∼20 dB. The field patterns of yz-plane have also been simulated and measured, they are similar with that of the xz-plane, thus not shown here for brevity.
IV. CONCLUSION
A low profile omnidirectional patch antenna which shows both good radiating and filtering performances is investigated in this paper. The antenna consists of an equilateral triangular patch, a series of shorting vias and a circular ring slot. It has been shown that the use of triangular patch can not only minimize the patch size but also generate a radiation null at the upper band-edge, whereas the introduction of ring slot and shorting vias can enhance the impedance bandwidth and simultaneously provide a radiation null at the lower band-edge. Consequently, filtering function is successfully integrated into the patch antenna without involving extra filtering circuits. The design is therefore very compact and the insertion loss of filter is desirably eliminated.
For validation, a prototype was designed, fabricated and tested. The prototype has a low profile of 0.03λ 0 , a 10-dB impedance bandwidth of 8.9% and an average gain of 6.0 dBi. Two radiation nulls are realized at the passband edge, achieving an out-of-band suppression of more than 30 dB and 20 dB in the lower (0∼3.6 GHz) and upper (5.1∼6.3 GHz) stopbands, respectively. 
